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Introduction
In the past decade intense research has been performed on the ZnO-SnO 2 system especially regarding the synthesis of zinc stannate (Zn 2 SnO 4 ). Zinc stannate belongs to the A 2 BO 4 spinel type compounds (A = group II, e.g. Zn, B = group IV, e. g. Sn, Ge) [1] . Several types of bulk and thin film materials containing polycrystalline zinc stannates were obtained as potential materials for gas sensing and detection of moisture, as electrodes for solar batteries and in transparent electronics [2] [3] [4] (l) .
(
This liquid phase-assisting mechanism is assumed to be the main cause of enhancement of the densification process in the case of sintering with small additions of Bi 2 O 3 [6] . The base system mixture (2ZnO-SnO 2 ) grains get completely surrounded by a thin film of liquid Bi 2 O 3 , which directly influence the densification process, grain growth and solid-state reaction between attendant ZnO and SnO 2 grains.
This work is an attempt to create a better understanding of the microstructural evolution in the ZnO-SnO 2 system and characterization of its electrical properties when low amounts of bismuth dopant are employed and the samples were prepared by the mixed oxide route. The Mott model was taken into account while fitting the experimental DC conductivity results and investigating the conduction mechanism of sintered samples. This study should lead to establishing the minimum doping level required to optimize both the sintering process and microstructure evolution in Bi 2 O 3 doped ZnO-SnO 2 ceramics.
Experimental
Commercially available zinc oxide (Aldrich) and tin oxide (Aldrich) powders were mixed in the 2:1 molar ratio. After adding different amounts of Bi 2 O 3 (0.5; 1.0 and 1.5 molar %) this mixture was homogenized in absolute ethanol, dried at 70ºC and mechanically activated in a planetary ball mill (Fritsch Pulverisette 5) for 10 min. Zirconium oxide grinding balls (10 mm in diameter, approx.) and vessels (500 cm 3 ) were used. The powder to balls ratio was 40:1 and the total weight of the powder mixtures was 15 g. These samples were then uniaxially pressed under 980 MPa into discs with a diameter of 10 mm and ~2 mm thickness. Characterization of the obtained samples after sintering was carried out using an Xray diffractometer (Norelco-Philips PW-1050) with CuK α radiation and a step scan mode of 0.02º/0.4s. The microstructure of sintered samples was investigated using scanning electron microscopy (SEM -JEOL JSM 6460LV). Appropriate samples were denoted as: ZSO-0.5, ZSO-1.0 and ZSO-1.5, for samples with addition of 0.5, 1.0 and 1.5 molar% of Bi 2 O 3 , respectively. The reference powder mixture, with no addition of Bi 2 O 3 denoted as ZSO, was also prepared using the same procedure.
The samples used for electrical conductivity measurements were prepared in the form of a sandwich electrode structure. Silver coatings were used as electrodes (ohmic contact). An Impedance/Gain Phase Analyzer (HP 4194A) was used to measure the impedance spectra (100Hz -10MHz) at different temperatures. The electrical DC resistivity/conductivity at different temperatures was measured using a High Resistance Meter (HP 4329A).
Results and discussion

X-ray diffraction and density-microstructure development study
The X-ray diffraction (XRD) patterns for the sintered samples ( Fig. 1 [7] , as described by the following equation: From our results it is obvious that small additions of bismuth oxide strongly promote this ion substitution and accelerate the formation of a SnO 2 /Zn 2 SnO 4 solid solution. However, the XRD study didn't show the presence of free Bi 2 O 3 or secondary peak phases, i.e. formation of any new phases. This is because either the added Bi 2 O 3 amounts were too small to be detected by X-ray diffraction technique or the applied sintering temperature regime It is well known that bismuth oxide is used as an obligatory constituent in ZnO commercial varistors and together with minor additions of some other oxides promotes the densification process, influences the formation of a specific microstructure and, consequently impacts the varistor response [9] . By studying the evolution of the sintered densities of the samples as a function of the Bi 2 O 3 content (Fig. 2) , the effect of Bi 2 O 3 addition in enhancing densification of ZnO-SnO 2 ceramics was noted. According to these results the sintered density increases with increasing Bi 2 O 3 up to 1.0 molar %. For higher Bi 2 O 3 concentration (>1molar%), the sintered density rapidly breaks down as shown in Fig. 2, i. e. indicating the presence of a dedensification phenomenon [10] . So, the optimal amount of Bi 2 O 3 to be used as an aid for enhancement of the densification process for sintering 2ZnO-SnO 2 ceramics, is 1.0 molar% in the temperature-time regime of 1300ºC-2h. The effects of composition on the microstructure was studied with SEM analysis (Fig. 3-6 (a,  b) ) and with EDS analysis (Fig. 3-6 (c) shows marked points where the EDS measurements where taken, Tab. I). The reference sample has a rather porous microstructure (Fig. 3b) which is dominated by smaller grains with a composition close to the stoichiometric Zn 2 SnO 4 spineltype compound (66% ZnO and 33% SnO 2 ) and with larger polymeric particles of a secondary SnO 2 phase, incorporated into the spinel structure. * The final amount of retained Bi is expected to be much smaller, especially knowing the tendency of The doped sintered samples general microstructure indicates enhancement of the densification process and pinning effect of SnO 2 particles compared to the microstructure of the reference ZSO sintered sample. Processes of densification and grain growth are obvious in the ZSO-0.5 sample (Fig. 4b) . Equalization of particle sizes occurs in ZSO-1 and the most homogeneous and dense microstructure is formed (Fig. 5b) . Further crystal growth and the problem of bigger particle packing in the ZSO-1.5 sample (Fig. 6a-c) cause decrease of the relative density (Fig. 2) .
DC conductivity
DC conductivity was analyzed using the Arrhenius equation:
where C is the pre-exponential factor, ∆E is the thermal activation energy, T is the absolute temperature and k is Boltzmann's constant. Fig. 7 shows the variation of DC conductivity (σ DC ) with reciprocal temperature (1/T) for the sintered samples. The plot of log (σ DC ) versus (1/T) in the temperature range 323-473K, yield a straight [11] line with a slope of -∆E/k. The activation energies ∆E, calculated from the slope of the straight line and the pre-exponential factors C, obtained by extrapolating the log σ line to the value corresponding to 1/T = 0 [12] It is clear that a small addition of Bi 2 O 3 to the ZnO-SnO 2 system has the same influence on electrical characteristics as on the relative density while the thermal activation energy does not show changes which indicates the same conduction mechanism in the whole examined temperature interval. According to Fadell et al. [13] , the calculated value of ∆E alone does not provide any indication on the conduction mechanism aspects, i.e. whether conduction occurs in the extended states above the mobility edge or by hopping in the localized states.
Mott [14] stated that if the value of C is in the range 10 3 -10 4 (Ωcm) -1 , then conduction appears in the extended states, while smaller values of C indicate the presence of a wide range of localization and conduction by hopping in the localized state. Fig. 8 illustrates the relation between log (σ DC T) and 1/T. If we assume that the thermal activation energy is temperature independent (like (3) implies) this plot should give a straight line, consistent with the Mott model for phonon-assisted hopping of small polarons in the adiabatic limit [15] :
where v 0 is the longitudinal optical phonon frequency, e is the electric charge, R is the average site separation, c is the fraction of sites occupied by an electron or (polaron) and w is the activation energy for DC conduction. Electrical conductivity over the temperature range 300K-473K, characterized by a constant activation energy, average value ~1eV, suggests that, after all, the resistivitytemperature relation could be described by a simple thermally activated hopping mechanism with a constant activation energy as predicted by equation (3). 
AC conductivity
A frequency-dependent AC conductivity σ (ω) observed in many amorphous semiconductors and isolators has the form [11] :
σ AC (ω) = σ (ω) -σ DC = Aω S , where σ AC (ω) is the AC conductivity, σ (ω) the total conductivity, σ DC is the DC part of the total conductivity, A is a constant dependent on temperature, ω is the (circular) frequency and s is the exponent, generally less than or equal to unity. Frequency-dependant conductivity has been attributed to various relaxations caused by the motion of electrons or atoms and hopping or tunneling between the equilibrium sites. Fig.  9(a-d) and Fig. 10(a-d) show the measured DC and total conductivity σ T (ω) as a function of reciprocal temperature at various frequencies. At lower frequencies conduction-temperature dependence is more changeable, its value increase with increase of temperature. It is evidently that the AC conductivity is higher than the DC conductivity. At higher frequencies ( Fig. 10(ad) ) variation of electrical conductivity is less visibly, but obviously increases with the increase of temperature. Fig. 11 (a-d) shows the total conductivity σ T (ω) versus frequency f = (ω/2π) at different temperatures, indicating a more gentle growth of electrical conductivity versus frequency at lower frequencies. This is particularly pronounced at higher temperatures and for samples with lower electrical conductivity such as the ZSO-0.5 sample. For the ZSO-1.5 sample, with the highest electrical resistivity, electrical conductivity increases sheerly at all frequencies and in the whole range of the observed temperatures.
Conclusion
We have studied the influence of a small addition of Bi 2 O 3 to the 2ZnO-SnO 2 system. The results strongly suggest, considering the preparation process and furthermore the addition of Bi 2 
